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ABSTRACT 
Stephanie Langella: Differentiating hippocampal subfield and cortical contributions to encoding 
and retrieval during an associative memory task 
(Under the direction of Kelly S. Giovanello) 
 
The hippocampus is integral for encoding and retrieving associative information and 
consists of anatomically distinct subfields that contribute differentially to mnemonic processing. 
To date, these processes have only been examined in the context of the hippocampus and the 
immediate surrounding areas; however, cortical regions provide critical support in successful 
encoding and retrieval. The current study employed a novel functional imaging sequence for 
examining whole brain activity using ultrahigh resolution, examining concurrent cortical and 
hippocampal subfield activity encoding and retrieval of an associative memory task in healthy 
young adults. Diffuse regions throughout cortex were involved in successful retrieval, suggesting 
both common cortical activity across mnemonic processes and separable activity by condition. 
Hippocampal activity at encoding was not related to retrieval accuracy, nor did hippocampal 
subfield activity differ as a function of retrieval condition. Future studies will employ 
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Introduction 
Episodic memory refers to memories for distinct events which are defined by a specific 
context and time of occurrence, the study of which is typically comprised of three stages: 
encoding, consolidation, and retrieval. Encoding refers to the processes involved in the creation 
of a mnemonic representation when an event occurs, whereas consolidation follows these 
processes (on the order of minutes and hours) and supports long-term storage of these 
representations. Initiating retrieval processes, which are involved in accessing a stored memory 
trace, often occurs in response to a cue that triggers recollection of an event. Though discussed as 
distinct stages, encoding, consolidation, and retrieval are deeply interconnected, and all are 
necessary for successful episodic memory encoding and retrieval (see Rugg, Johnson, & 
Uncapher, 2015 for a review). 
 As shown through both neuroimaging and patient lesion studies, the hippocampus is 
critical for episodic memory processes, with particular involvement in encoding and retrieving 
associations between items, such as the spatial location of an object, linking a name to a face, or 
binding features of an item. One line of research has more closely investigated within the 
hippocampus, uncovering anatomically separable subfields, millimeters in size, each with 
distinct and specific contributions to mnemonic processing. Other work has adopted a broader 
perspective, revealing regions distributed throughout cortex that contribute to successful 
encoding and retrieval. However, due to technical limitations of current functional neuroimaging 
sequences, there is a trade-off between high-resolution (e.g., ability to study subfield function) 
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and whole-brain field of view (e.g., ability to study cortical and hippocampal function). 
Therefore, studies of hippocampal subfield functions have been limited to the hippocampus and 
immediate surrounding neural structures, precluding concurrent examination of subfield and 
cortical functional activity. The current study aims to provide an integrated analysis of 
hippocampal subfield and cortical function using a novel functional imaging sequence that will 
enable subfield-level resolution while retaining a whole-brain field of view. 
 This introduction includes a summary of prior empirical studies examining the role of the 
hippocampus and cortical regions in episodic memory encoding and retrieval processes. Next, I 
provide a review of medial temporal lobe neuroanatomy, including hippocampal subfields, and a 
discussion of the current theoretical views of hippocampal subfield functions. Finally, I describe 
the motivation and scientific gains of the current study, including the critical void in the basic 
science literature regarding human hippocampal subfield-cortical activity and the clinical-
translational importance of this research. 
Dissociable involvement of the hippocampus in episodic memory encoding and retrieval 
 The hippocampus is a primary structure involved in binding information together, and 
hippocampal activity increases with the demand of relational information (see Giovanello & 
Dew, 2015 for a review). The earliest functional magnetic resonance imaging (fMRI) studies in 
this area examined either encoding or retrieval of episodic information using a univariate 
approach. This method assesses the contribution of one experimental condition versus another 
(e.g., during encoding versus a baseline) to neural activation. The subsequent memory paradigm 
has provided critical information about which neural regions underlie successful encoding. This 
method separates encoding trials based on accuracy on the retrieval test, so that only 
subsequently remembered trials (or subsequently forgotten trials) can be analyzed. A meta-
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analysis of fMRI studies reporting activity related to subsequent memory identified the inferior 
frontal cortex (IFC), fusiform cortex, hippocampus, premotor cortex, and posterior parietal 
cortex as regions supporting successful memory encoding (Kim, 2011). The author suggested 
that IFC and fusiform cortical activity reflects content processing, whereas premotor and parietal 
activity reflects greater attention towards these subsequently remembered items or pairs. A 
subdivision of associative- versus item-memory contrasts revealed that associative-memory was 
more related to activity in the hippocampus than was item-memory (Kim, 2011), consistent with 
the theory that the hippocampus supports binding of information. 
 Separate patterns of cortical activity are observed during retrieval. A meta-analysis of 
both item- and associative-memory studies indicates successful retrieval is supported by activity 
in posterior and inferior parietal cortex, precuneus, dorsolateral and ventrolateral prefrontal 
cortex (PFC), anterior cingulate cortex, parahippocampal gyrus, insula, and caudate (Spaniol et 
al., 2009). As has been suggested during encoding (i.e., Kim, 2011), the authors posited that 
retrieval-related parietal activity reflects attentional processes facilitating retrieval success. PFC 
activity appears to be particularly important during retrieval of associative memory, mediating 
retrieval search processes (see Giovanello & Dew, 2015 for a review; Kim, 2011). 
Later studies contrasted activity during encoding and retrieval. Spaniol et al. (2009) 
conducted a meta-analysis of such studies contrasting encoding and retrieval processes, finding 
separable patterns of activity across the whole brain. Successful encoding, as compared to 
retrieval, was marked by greater activity in the hippocampus along with several frontal and 
temporal regions. Retrieval, on the other hand, involved precuneus, cingulate, and parietal 
regions more so than did encoding. It is important to note that these findings resulted from a 
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direct contrast between encoding and retrieval phases; the hippocampus was associated with 
activity during retrieval as well, but the activity was comparatively less than at encoding. 
However, many regions do overlap during encoding and retrieval, which underlies the 
theory of neural reinstatement during successful retrieval. Ritchey, Wing, LaBar, & Cabeza 
(2013) showed that neural pattern similarity between encoding and retrieval (assessed using 
correlations of activity patterns within regions of interest across the brain during encoding and 
retrieval) was related to higher memory performance in inferior frontal gyrus, precuneus, inferior 
parietal, occipital, and inferior and middle temporal gyri. This encoding-retrieval neural 
similarity was mediated by hippocampal activity during retrieval, further demonstrating the 
importance of the hippocampus for successful encoding and retrieval. 
Using a multivariate approach, examining correlations of activity between two regions to 
indicate regional co-activations, provide additional evidence for separable cortical involvement 
during encoding and retrieval. Following this approach, a “core recollection network” (CRN) has 
been proposed, consisting of the hippocampus, parahippocampal cortex, retrosplenial/posterior 
cingulate cortex, angular gyrus, and medial PFC (see Rugg, Johnson, & Uncapher, 2015 for a 
review). The CRN consists of regions that are consistently active during tasks requiring 
recollection of an event (e.g., memory for contextual details). The hippocampus has also shown 
involvement in non-memory specific networks, such as the default mode network (DMN). 
Regions within the DMN show synchronous activity (as assessed by correlations between 
activity over time) even when participants are not completing a task (Raichle et al., 2001). The 
hippocampus is coupled with the DMN during retrieval of associative pairs (i.e., shows 
synchronous activity), but it does not show this synchrony during encoding of the pairs 
(Huijbers, Pennartz, Cabeza, & Daselaar, 2011). Further, the hippocampus serves as a significant 
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hub, a graph theory metric assessing the importance of a region for interactions between nodes, 
during retrieval of image pairs (Backus, Bosch, Ekman, Grabovetsky, & Doeller, 2016). 
Conversely, hippocampal connectivity with fusiform cortex and inferior prefrontal cortex is 
related to successful encoding of face-name pairs (Sperling et al., 2003). Thus, hippocampal 
communication with cortical regions is integral for both creating and retrieving bound 
representations of an event. 
 Both univariate and multivariate approaches provide evidence for a critical role of the 
hippocampus during encoding and retrieval, while highlighting the diffuse cortical regions that 
support these mnemonic processes. The studies discussed thus far have relied on standard whole-
brain fMRI sequences (e.g., 3mm voxel size), which enable only coarse examination of the 
hippocampus as a unified structure. Other methods, including high-resolution fMRI (e.g., 1.5mm 
voxel size) and rodent studies, provide additional refinement of the subcortical structures 
involved in encoding and retrieval, particularly in the medial temporal lobe. 
Medial temporal lobe and cortical connections 
The medial temporal lobe (MTL) contains numerous structures that support mnemonic 
processing, with the hippocampus connecting to entorhinal cortex (ERC), which in turn has 
connections with parahippocampal (PHC) and perirhinal (PRC) cortices (see Figure 1 for 
structural overview). This is a densely connected circuit, with both inputs and outputs throughout 
the regions. The ERC serves as the main input and output structure between the hippocampus 
and outside regions. As reviewed in Douglas & Lee (2015), these MTL structures appear critical 
for episodic memory as examined in lesion studies of patients and non-human primates, as well 
as in vivo neuroimaging during episodic memory tasks. 
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Several theories have been proposed to link distinct MTL structures to episodic memory 
processes. As reviewed by Eichenbaum, Yonelinas, & Ranganath (2007), dual-process views 
distinguish between recollection, the retrieval of a memory with details or context of the event, 
and familiarity, a strong or weak belief of knowing something. This view implicates the 
hippocampus in recollection and PRC in familiarity. Encoding is supported by item-level 
processing in the PRC and lateral ERC (LEC) and contextual processing in the PHC and medial 
ERC (MEC). During retrieval, involvement of PRC and LEC are sufficient for familiarity-level 
recognition, whereas involvement of the hippocampus can reactivate specific contextual 
information to support recollection. In contrast to such dual-process views, single-process views 
of MTL functions do not distinguish between recollection and familiarity. As reviewed by 
Squire, Wixted, & Clark (2007), the recollection and familiarity distinction is better 
characterized by memory strength, relating to strong and weak memories respectively. In this 
view, PRC signals novelty whereas the hippocampus indicates previous experience with the 
stimulus. Involvement of the MTL supports strong or weak recognition of a stimulus. 
Although the MTL is historically regarded as a distinct region supporting memory 
processes, a third view that has ganered recent support indicates a more connected MTL and 
neocortex. Ranganath & Ritchey (2012) propose two separate cortical memory systems: a 
posterior medial (PM) system and an anterior temporal (AT) system (see Figure 2). The PM 
system involves the anterior thalamic nuclei, mammillary bodies, subiculum, and DMN 
connections (e.g., posterior cingulate, precuneus, lateral parietal cortex, medial prefrontal 
cortex). This system interacts to support representations of relationships between items and 
outcomes and spatial and temporal context. Conversely, the AT system involves the PRC, ventral 
temporopolar cortex, lateral orbitofrontal cortex, and amygdala. These regions are posited to 
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support processing of object information and attention (Eichenbaum, 2017). These two systems 
converge in the ERC; however, the PM system is connected to medial ERC (MEC), whereas the 
AT system is connected to LEC. Therefore, it is hypothesized that the information carried by the 
PM and AT systems is bound in the hippocampus via input from MEC and LEC. 
Hippocampal subfields 
The technical trade-off between field of view and spatial resolution in fMRI is the 
primary obstacle in understanding how the hippocampus binds these cortical systems together, 
but taking a fine-grained approach to hippocampal anatomy starts to provide a clearer picture of 
episodic memory processing. The hippocampus can be divided into several subfields, each with 
its own distinct contributions to memory function. The major subfields include cornu ammonis 
(CA) areas 1 through 3 and dentate gyrus (DG), depicted in Figure 3. As with the structures of 
the MTL, the subfields of the hippocampus show distinct inputs and outputs. CA1 and DG 
primarily receive inputs from the ERC, and CA1 additionally receives input from CA3. CA3, in 
contrast, consists of primarily recurrent connections, though receives input from DG and sends 
outputs to CA1. 
Dissociable functions. One of the most robustly demonstrated functional distinctions 
between the subfields is that of pattern separation and pattern completion processes. Pattern 
separation (also termed discrimination) refers to the ability to form distinct mnemonic 
representations of highly similar items, such as remembering where you parked your car today 
versus yesterday. Pattern separation relies on inputs from entorhinal cortex to DG, in which 
distinct patterns of neural firing allow for distinguishing between items (Kandel, Schwartz, 
Jessell, Siegelbaum, & Hudspeth, 2000). Pattern completion is a process occurring at retrieval, in 
which a prior memory is retrieved based on presentation of a partial cue. This process involves 
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activity in, and connections between, CA3 and CA1 (Rolls, 2017). Due to the difficulties in 
differentiating CA3 from DG using in vivo functional imaging, these subregions are combined as 
one region of interest in studies of hippocampal subfields. Additionally, fMRI studies of the 
hippocampal subfields are limited to the hippocampus and immediate surrounding regions. 
Evidence of a CA3/DG versus CA1 dichotomy during discrimination stems from a robust 
literature using the Mnemonic Similarity Task (MST), in which images in a series are either 
repeated, highly similar to a previous image (lure), or completely new (novel), as illustrated in 
Figure 4. Participants engage in an incidental encoding task, such that they indicate whether each 
item is an indoor or outdoor item rather than making overt memory responses. Ultrahigh-
resolution fMRI indicates higher activity in response to lures in CA3/DG as compared to repeats, 
and similar activity as first presentations, representing pattern separation processes (Bakker, 
Kirwan, Miller, & Stark, 2008; Lacy, Yassa, Stark, Muftuler, & Stark, 2011). In contrast, CA1 
shows greater activity for first presentations, but similar activity between repeats and lures 
(Kirwan & Stark, 2007; Bakker et al., 2008; Lacy et al., 2011). These data suggest an ability for 
CA3/DG regions to better distinguish between similar lure items than CA1. 
Prior studies using tasks other than the MST have included perceptually similar lure 
items and have observed similar results. De Shetler and Rissman (2017) had participants study 
pairs of names and pictures a day before being tested memory for the name-object pairs (see 
Figure 5 for paradigm schematic). During the scanned retrieval phase, a studied name appeared 
as a cue, followed by a probe image, which prompted a response from the participant. The 
probes were distributed between four conditions: target (the same image as was previously 
studied), lure (a perceptually similar image as to what was studied), mispaired (a previously 
studied image, but which was not paired with the cue name), and novel (an unstudied image). 
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Importantly, unlike the incidental single-object MST, this study involved explicit encoding and 
retrieval of associative pairs; in other words, participants were directly asked to remember and 
retrieve the associations. 
As in the MST, De Shetler and Rissman (2017) found that lures elicited similar activity to 
novel items in CA3/DG, but that lures elicited similar activity to repeats in CA1. In this explicit 
memory task, repeats and lures were characterized by higher activity in CA3/DG rather than 
lower activity, as is observed in the incidental MST; however, the relationships between 
conditions were still observed, such that CA3/DG showed evidence of discrimination, whereas 
CA1 showed evidence of generalization. In the mispaired condition, in which both the tested 
image and the name were previously studied but were paired with different associates, CA1 
showed a similar response to these items as to novel items, whereas CA3/DG responded 
similarly to mispaired items as to repeated items. This additional category supports the 
distinction between discrimination and generalization, as well as the role of match detection in 
CA1.  
Following these results, the authors argued that CA3/DG can discriminate between highly 
similar items, and it signals whether an item has been seen before (i.e., lures and novel images 
are both new, and show lower activity than targets or mispaired). CA1, on the other hand, acts as 
a match detector and shows evidence of generalization (i.e., lures cannot be reliably 
differentiated from repeats, indicating generalization across similar stimuli; mispaired items are 
treated as novel items, signaling that the pair is new even though the image itself had been 
previously seen). Further support for CA1 as a match detector comes from studies of associative 
memory in which CA1 showed differential activity for house-face pairs when mispaired versus 
repeated (J. Chen, Olsen, Preston, Glover, & Wagner, 2011), temporal order violations (Chen, 
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Cook, & Wagner, 2015), and scene changes (Duncan, Ketz, Inati, & Davachi, 2012). In all of 
these contexts, CA1 signaled when a prior association had occurred. 
Though most prior studies have focused on retrieval, the literature on subfield activity 
suggests a further dichotomy between encoding and retrieval functions. CA3/DG engages in 
pattern separation during encoding and in discrimination during retrieval. CA1 supports 
generalization and match detection during retrieval, though higher activity during first 
presentations as compared to lures or targets during the MST suggests an important role during 
encoding as well. Early studies of subfield functions during traditional associative memory tasks 
(i.e., learning pairs of stimuli) observed greater CA2/3/DG activity during encoding than during 
retrieval and, conversely, greater CA1 and subiculum activity during retrieval (as reviewed in 
Carr, Rissman, & Wagner, 2010). Additionally, CA2/3/DG has been shown to have greater 
activity during encoding, which was associated with better subsequent memory performance 
(Eldridge, Engel, Zeineh, Bookheimer, & Knowlton, 2005). However, the specific conditions 
have a great impact on observed activity, as tasks involving spatial navigation, temporal 
information, (as reviewed in Carr, Rissman, & Wagner, 2010) and learning inferences between 
stimuli (Schlichting, Zeithamova, & Preston, 2014), all of which depend on encoding processes, 
elicit activity in CA1 more so than in CA3/DG. It is evident that the subfields contribute to both 
encoding and retrieval, though the specific conditions in which a specific subfield is more 
engaged than another differ. 
One study examining both encoding and retrieval phases found support for increased 
CA1 to CA3/DG connectivity during retrieval but not during encoding (Duncan, Tompary, & 
Davachi, 2014). This finding is consistent with the idea that information processed in CA3/DG is 
output into CA1, in which that information is analyzed along with information from the cortex to 
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produce a memory decision (Rolls, 2013). However, these data rely on comparing the strength of 
correlations between the two regions, which does not directly address the question of 
directionality. Additional studies at both encoding and retrieval are needed to further our 
understanding of hippocampal subfield roles during each process. 
Connections outside of the hippocampus. Strong support for differential subfield 
functions has arisen from these univariate and subfield-based analyses. However, as 
demonstrated in the preceding sections, memory processes are not limited to the hippocampus or 
even surrounding MTL. In fact, CA1 connectivity with ventral tegmental area (VTA) during 
encoding predicts subsequent long-term memory (Duncan et al., 2014). It is hypothesized that 
these connections are important due to the role of dopamine in CA1 plasticity, such that 
connections with a region such as VTA, which has a high density of dopamine receptors, can 
facilitate encoding and consolidation processes (as reviewed in Duncan et al., 2014). A 
subsequent study found a distinction between associative and item memory, such that CA1 
connectivity with VTA during a consolidation period also predicted long-term memory, though 
CA1-VTA connectivity predicted associative memory whereas PRC-VTA connectivity predicted 
item memory (Tompary, Duncan, & Davachi, 2015). 
Hippocampal subfields are hypothesized to differentially contribute to memory-related 
networks, as well. The PM and AT systems connect to MEC and LEC respectively, and MEC 
and LEC both project to CA1 and CA3/DG, though the nature of the projections differs. 
Specifically, the inputs from each region converge in CA3/DG, whereas they remain separate in 
CA1 (as reviewed in Liang & Preston, 2015). These connections support the view of CA1 as a 
match detector, as information from each system remain separate, and of CA3/DG as a 
discriminator between similar items, since the information is already combined. 
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Activity at the subfield level (e.g., using ultrahigh resolution fMRI) outside of the MTL, 
however, has yet to be investigated due to the challenges of whole-brain high-resolution 
imaging. Studies of structural neural connections demonstrate that the subfields may show 
longer-range functional relationships. This notion is supported by observed anatomical 
connections between CA1 and cortical regions in non-human primates, in which neurons can be 
traced between regions to designate afferent (e.g., neurons originating in CA1 and projecting to 
cortex) and efferent (e.g., neurons originating in cortex and projecting to CA1) connections. 
Barbas and Blatt (1995) examined connections from the hippocampal formation (CA areas 1-4 
and subiculum) to the frontal cortex, finding differential connections between the subregions. 
Specifically, neurons from CA1 have afferent connections to ventromedial PFC and orbitofrontal 
cortex directly, regions associated with the PM and AT systems respectively. The subiculum has 
afferent connections to lateral PFC rather than the medial connections observed in CA1. As 
indicated in the PMAT framework, CA1 is involved in both the PM and AT systems (Ranganath 
& Ritchey, 2012). As such, these data indicate direct connections to regions within both systems. 
Non-human primate research has also identified direct anatomical connections from 
cortical regions to the hippocampus. Rockland & Hoesen (1999) examined connections from 
temporal and parietal regions to the hippocampus. CA1 received efferent projections from 
parietal areas 7a and 7b, as well as from areas TF and TE. Zhong and Rockland (2004) 
demonstrate that although area TE projects to CA1, CA1 does not have a reciprocating 
connection back to TE. Taken together, these data provide support for the PMAT framework 
suggested by Ranganath & Ritchey (2012), and provide a strong basis for examining longer-
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Current study 
The hippocampus is not homogenous in terms of anatomy or function, but knowledge of 
hippocampal subfield functions is currently limited to investigations within the hippocampus and 
immediate surrounding areas, given the challenges associated with whole-brain high-resolution 
imaging. Increased understanding of subfield function in relation to the whole brain is critical to 
further both basic and applied science. Current theories of memory processes are limited by our 
understanding of hippocampal function. Prior research has demonstrated distinct functions for 
hippocampal subfields, and an investigation into how the subfields contribute on a whole-brain 
scale will refine our models of mnemonic processing, particularly how memory-related networks 
converge in the hippocampus and if cortical regions display similar distinctions as do 
hippocampal subfields according to specific mnemonic tasks (e.g., discrimination, 
generalization). In the applied sciences, hippocampal subfield volume and functioning is 
compromised in neurodegenerative diseases. Individuals with a genetic risk for developing 
Alzheimer’s disease have smaller CA3/DG volumes than those without the genetic risk (Mueller, 
Chao, Berman, & Weiner, 2009). Mild cognitive impairment is characterized by hyperactivity in 
CA3/DG during the MST, as well as smaller volumes in CA1 and CA3/DG (Yassa et al., 2010). 
Adopting these tasks to a whole-brain field of view may further our knowledge of disease 
progression and identification. Further research is critically needed in healthy individuals in 
order to improve our understanding of regional and memory network dysfunction in clinical and 
preclinical populations. 
Since the hippocampus is primarily involved in binding information together, the current 
study will address the role of hippocampal subfields during encoding and retrieval of an 
associative memory task, in which healthy young adult participants encode and retrieve name-
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object pairs. In contrast to many prior studies, neuroimaging data will be collected during distinct 
encoding and retrieval blocks, enabling the primary aim of the study to differentiate hippocampal 
subfield contributions to mnemonic encoding and retrieval using higher spatial resolution than 
previous studies examining these questions. In addition, I will utilize whole-brain ultrahigh-
resolution imaging to examine hippocampal subfield functioning in the context of cortical 
activity, which has not been previously studied. 
De Shetler and Rissman (2017) designed a study in which hippocampal subfield 
functions could be differentiated across four retrieval conditions. However, the encoding phase 
occurred the day before the scanning session, precluding the opportunity to compare encoding 
and retrieval processes. The current study will extend De Shetler and Rissman’s design to allow 
for examination of both encoding and retrieval. As in De Shetler and Rissman, participants will 
study name-object pairs and will be tested on repeated, lure, mispaired, and novel pairings. I will 
use an ultrahigh resolution fMRI sequence, enabling us to (a) differentiate between CA3 and DG, 
and (b) characterize cortical activity related to these processes. Consistent with their findings, I 
hypothesize that lures and targets will elicit similar activity in DG (rather than CA3), and that 
target and mispaired objects will elicit similar activity in CA1 (that differs from lure and novel 
activity), supporting discrimination and generalization/match detection accounts respectively. I 
hypothesize that cortical activity will be localized to areas previously known to be involved in 
episodic memory (e.g., regions in the PM and AT systems or CRN). It is possible that cortical 
activity is fairly consistent across probe conditions, which would indicate hippocampal activity 
primarily drives successful discrimination, generalization, and match detection. A second 
possibility is that cortical activity significantly differs across probe conditions, indicating a more 
wide-spread pattern of activity that contributes to those processes. Finally, I will examine the 
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relationship between encoding activity in the hippocampal subfields and retrieval accuracy in our 
various behavioral conditions, hypothesizing that CA3 and DG will be related to retrieval 
accuracy, consistent with previous reports. However, it is possible that subfield activity will 
support a reinstatement effect, such that positive correlations will be observed for conditions 
eliciting differences at retrieval activity. In this case, CA1 encoding activity will be positively 
correlated with performance on mispaired and novel trials, CA3 and DG encoding activity will 
be positively correlated with performance on lure trials, and activity in all subfields will be 
positively correlated with performance on target trials. 
Methods 
Participants  
 Twenty young adults aged 18 to 30 years from UNC-Chapel Hill and the surrounding 
community participated in this study and were compensated $20 for their time. All participants 
had normal or corrected-to-normal vision and hearing and were free from any major neurological 
or psychiatric condition, previous head trauma, and MRI contraindications (e.g., claustrophobia, 
non-removable metal in the body). One participant was excluded due to a technical malfunction 
during scanning, resulting in a final sample of 19 participants (12 females, Mage = 21.21 years, 
SDage = 3.61 years, Meducation = 14.26 years, SDeducation = 2.02 years). 
Task Design 
 A list of 252 famous names and 288 color pictures of everyday objects were selected as 
stimuli. Names were chosen for famous figures who are currently living and who are known by a 
first and last name. Several first and last names overlapped, though no first or last name was 
repeated within a testing block. Pictures consist of full color photographs of the object against a 
white background, collected from the Mnemonic Similarity Task. Names and pictures were 
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separated into six equal lists of 42 names and 48 pictures each. Within each list, pictures were 
counterbalanced for stimulus condition. Names were randomly paired with images on each list. 
 Participants engaged in an encoding and retrieval memory task inside the scanner (Figure 
6). Encoding and retrieval runs alternated for a total of six testing blocks. Each trial began with a 
fixation cross of variable ISI, determined by OptSeq to provide the greatest opportunity to detect 
differences between conditions, ranging from 0ms to 6000ms, with an average duration of 
1000ms. At encoding, 42 name-object pairs were presented for 3500ms each and participants 
were told to think of the person interacting with the object during that time, as it would aid in 
later memory for that pair. Participants were instructed to spend the entire time thinking of the 
pair. Afterwards, participants rated the vividness of their mental image formed on a 1 to 4 scale 
(strong, moderate, weak, or no image) on a new screen that appeared for 1000ms before the new 
trial began. 
 Testing immediately followed the encoding run. Participants saw a total of 36 names and 
objects in each retrieval block. Following a fixation (variable ISI, average duration 1000ms), 
participants saw a previously studied name (cue) for 1000ms. This time was chosen to allow 
participants to read the name, so that attention would later be directed towards the object. After 
1000ms, participants saw an object (probe) appear beneath the name for 2000ms and were told to 
respond via button press whether the image is the same as (target, “same”), very similar but not 
exactly the same as (lure, “similar”), or very different from (“different”) the image previously 
paired with the name (examples of each condition are provided in Figure 6). If the participant 
was not sure, they were instructed to respond “do not know” in order to avoid guessing. The 
“different” images belonged to one of two conditions: half were images that had been studied but 
were previously paired with a different name (mispaired), and half were images that had not been 
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studied (novel). In each block, 12 probes were targets, 12 were lures, 6 were mispaired, and 6 
were novel. All names had been seen at retrieval with the exception of the names used to create 
the mispaired condition. Lures varied in similarity from 1 (most similar) to 5 (least similar) based 
on Mnemonic Similarity Task ratings (Lacy et al., 2011). Each list was created so that lures 
would have equal similarities (M = 3). Participants completed six study-test blocks, for a total of 
72 target, 72 lure, 36 mispaired, and 36 novel images. 
Behavioral Pilot Study Results 
 Because there were several methodological changes in the study design as compared to 
that used in De Shetler and Rissman (2017), and the full analysis depends upon correct 
responses, I conducted a behavioral pilot study to ensure adequate understanding of and accuracy 
on the memory task. Three undergraduate students (all female) recruited from the SONA 
psychology research pool completed a behavioral version of the task for course credit. Retrieval 
accuracy is reported in Table 1. There was no evidence of fatigue effects as indicated by similar 
performance across blocks. 
Data Acquisition 
 Data were collected on a Seimens Magnetom 7T scanner at the Biomedical Research 
Imaging Center at UNC-Chapel Hill. Following consent, a member of the research team 
explained the task instructions to the participant, who then completed several practice trials to 
demonstrate understanding of the task before entering the scanner. The scanning session began 
with two scans with forward and reverse phase-encoding directions, then two 6-minute resting-
state scans. Six blocks of alternating encoding and retrieval runs followed. The session ended 
with one 5-minute magnetization prepared rapid acquisition gradient echo (MP-RAGE) 
structural scan and one 5-minute T2-weighted structural scan. Total scan time was approximately 
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1 hour and 30 minutes. High-resolution MP-RAGE images were acquired using the imaging 
parameters as follows: TR/TE/TI = 2200/2.78/1050 ms, flip angle = 7°, partition thickness = 1 
mm, image matrix = 256 × 240, 192 partitions, and FOV = 25.6 cm × 24.0 cm. The T2-weighted 
image was acquired using an ultrahigh-resolution turbo spin echo (TSE), limited to an axial slab 
encompassing the hippocampus due to time constraints, with the following parameters: spatial 
resolution = 0.6 mm isotropic, TR/TE = 14870/67 ms, flip angle = 179°, slice thickness = 0.6 
mm, image matrix = 304 × 288, 72 slices, and FOV = 18.2 cm × 17.26 cm, in-plane GRAPPA 
acceleration factor = 2, Turbo factor = 8, echo train per slice = 20. Functional runs used 
multiband-3D (MB3D) imaging, allowing for whole-brain, high-resolution images with the 
following parameters: spatial resolution: 1.0 mm isotropic, with 120x152x175mm3 field of view, 
TR = 2s, TE = 23ms, number of partition encoding = 5, multiband factor = 35 (effective through-
plane acceleration = 7), in-plane acceleration = 2. 
Image Processing 
 Functional images were corrected for EPI distortion using Advanced Normalization 
Tools 2.1.0 (ANTs; Avants et al., 2011). Motion correction was implemented in FSL. Runs with 
greater than 1mm of average movement and greater than 2mm of maximum movement in any 
direction were excluded from subsequent analyses. This resulted in two runs removed from 
analysis: one at encoding and one at retrieval, belonging to the same subject. The motion-
corrected data were decomposed into independent components using MELODIC (Beckmann, 
DeLuca, Devlin, & Smith, 2005). The resulting components were hand identified as either signal 
or noise, which were used to train the ICA-based denoising tool FIX to auto-classify ICA 
components into signal and noise components (Salimi-Khorshidi et al., 2014). Noise components 
were removed by FIX using a threshold of 20. The T1 image was coregistered onto EPI space 
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using ANTs. Individual subject analysis was performed in native EPI space (see Image 
Analysis). The resulting statistical images were transformed onto T1 space using inverse 
warping, then coregistered onto template space using ANTs for group-level analyses. 
Hippocampal subfield ROIs were segmented using FreeSurfer 6.0 (Fischl, 2012) from individual 
T2-weighted anatomical images and manually checked for accuracy. ROIs consisted of the head 
and body portions of CA1, CA3, and DG in both left and right hemispheres. Segmentations were 
transformed to native EPI space for analysis. 
Image Analysis 
 Functional data were analyzed using a combination of FSL Feat and in-house scripts. 
Lower-level analyses (i.e., for each individual run) were conducted in native space, then 
transformed to template space using ANTs at midlevel (i.e., concatenation across runs for each 
subject). Group-level analyses were conducted in template space. Events were modeled using a 
double-gamma HRF. At encoding, presented study pairs and fixation crosses were modeled. 
Events began at the trial onset and lasted for the visual duration of the event (3s for study pairs, 
variable duration for fixation crosses). At retrieval, trials in which a correct response was made 
were modeled (“hits”), along with fixation crosses, resulting in five modeled conditions: lure 
hits, target hits, novel hits, mispaired hits, fixation (baseline). Because of the temporal proximity 
of the cue and probe, events began at the onset of the cue presentation and lasted for the duration 
of the probe on the screen (3s). Fixation crosses were of variable duration. 
Whole brain. Contrasts between conditions were modeled using a GLM framework 
(single-group average, one-sample t-test) and a cluster-based threshold of p < .001. Four retrieval 
contrasts were defined: LureHit > Fixation, TargetHit > Fixation, NovelHit > Fixation, and 
MispairedHit > Fixation. 
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ROI Percent Change. Left and right hemisphere CA1, CA3, and DG were included as 
ROIs in encoding and retrieval analyses. In both encoding and retrieval, percent change was 
calculated from each of the six ROIs using methods outlined by (Mumford, n.d.): the functional 
image of interest (the contrast image from the lowest level, single-subject analysis) was first 
multiplied by the appropriate scale factor (58.72, which takes into account the baseline-to-max 
range for a 3s stimulus length modeled with a double-gamma HRF), then divided by the mean 
functional image, and finally multiplied by the mask image (i.e., the ROI). The mean within each 
ROI was then extracted. Percent change calculations were computed at the lowest-level analysis 
stage in native space using fslmaths for each subject, run, and contrast. 
Statistical analysis was implemented in R. At encoding, the percent change of each ROI 
was correlated with accuracy (percent correct) at retrieval in each of the four probe conditions 
using Pearson correlation. At retrieval, percent change for each subject and run was weighted by 
the number of trials included in the analysis of that run, then averaged to create a single value per 
condition per ROI. Differences across conditions in percent change of each ROI was analyzed 
using a two-way repeated measures ANOVA (ROI x Condition), with subject as a within-
subjects factor. Each hemisphere was analyzed separately. 
Data were checked for outliers at both encoding and retrieval. Outliers were defined two 
ways: 1) values greater than or less than 3 standard deviations from the mean, and 2) values 
greater than or less than 2.5 standard deviations from the mean. Analyses were run both with and 
without outliers when applicable, and all results are reported. At encoding, the mean was simply 
the average percent change value for each ROI. At retrieval, the mean was the average percent 
change value for each ROI at each condition. Because retrieval analyses were run with a repeated 
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measures ANOVA, subjects with outlying values in at least one condition were excluded from 
the analysis. 
Behavioral Analysis 
Behavioral performance analyses were implemented in R and analyzed using the aov 
function. Mean accuracy was calculated for each probe condition at retrieval for each individual 
run and collapsing across runs. Accuracy across runs were compared using a two-way repeated 
measures ANOVA (Run x Condition), to determine whether there exists an interaction between 
run and condition. Differences in overall retrieval accuracy by condition was analyzed using a 
one-way repeated measures ANOVA. Significant tests were probed with post-hoc pairwise 
comparisons using Tukey HSD to correct for multiple comparisons. 
Results 
Behavioral performance 
 Participants on average responded to the vast majority of vividness prompts, with the 
most common response endorsing a strong mental image formed (see Table 2). Participants 
completed the retrieval task to a high degree of accuracy (see Figure 7). Retrieval accuracy 
significantly differed across runs, F(1, 17) = 5.11, p = .037, but there was no interaction between 
run and condition, F(3, 51) = 1.39, p = .257. There was a significant effect of condition on 
accuracy, F(3, 54) = 34.22, p < .001. Post hoc tests indicated that accuracy was significantly 
lower for lure items than for any other condition [target: t(54) = 8.50, p < .001; mispaired: t(54) 
= 6.01, p < .001; novel: t(54) = 9.02, p < .001] and lower for mispaired items than for novel 
items, t(54) = 3.01, p = .020. Accuracy for mispaired items was marginally lower than for target 
items, t(54) = 2.49, p = .073, and accuracy did not differ between novel and target items, t(54) = 
0.52, p = .954. 
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Hippocampal Subfield ROIs 
Hippocampal percent change at retrieval. Activity in the hippocampal ROIs did not 
significantly differ from one another [left hemisphere: F(2, 36) = 0.53, p = .592; right 
hemisphere: F(2, 36) = 0.62, p = .542], and overall activity did not differ as a function of probe 
condition [left hemisphere: F(3, 54) = 0.98, p = .409; right hemisphere: F(3, 54) = 0.70, p = 
.555]. There was no interaction between ROI and condition [left hemisphere: F(6, 108) = 0.59, p 
= .741; right hemisphere: F(6, 108) = 1.26, p = .281] (see Figure 8). 
One subject was excluded from the left hemisphere analysis due to a percent change 
value greater than 3 standard deviations from the mean. With this subject excluded, there was a 
significant main effect of condition, F(3, 51) = 2.90, p = .044, but no main effect of ROI, F(2,34) 
= 0.36, p= .697, or interaction, F(6, 102) = 0.67, p = .676. Post hoc tests of condition revealed 
that percent change values were significantly greater for lures than for novel items, t(51) = 2.76, 
p = .039. When defining outliers as 2.5 standard deviations from the mean, four subjects were 
excluded from the left hemisphere analysis. As in the original analysis, no significant effects 
were observed for ROI [F(2,28) = 0.28, p = .758], condition [F(3,42) = 1.92, p = .142], or the 
interaction [F(6,84) = 1.39, p = .229]. 
In the right hemisphere analysis, one subject was excluded using the 3 standard 
deviations cutoff, and four subjects were excluded using the 2.5 standard deviations cutoff. 
Removing the outliers did not change the results, with both main effects and the interaction 
remaining non-significant (all ps > .299). 
Correlations between encoding activity and retrieval performance. Percent change 
activity at encoding did not significantly correlate with any of the hippocampal subfield ROIs, 
though two relationships were marginally significant (see Figure 9). Left hemisphere CA3 had a 
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negative relationship with accuracy in the lure condition (r = -.41, p = .081), whereas right 
hemisphere CA3 had a positive relationship with accuracy in the mispaired condition (r = .43, p 
= .067). See Table 3 for the full correlation analysis results. 
Whole-brain analysis 
Lure condition. For correctly identified lure pairs (see Figure 10), significantly active 
clusters were found bilaterally in inferior frontal gyrus (pars triangularis), precentral gyrus, and 
superior parietal cortex. Clusters localized to the right hemisphere included inferior frontal 
(operculum), inferior occipital, inferior parietal, inferior temporal, middle frontal, and postcentral 
gyri. Left-localized clusters included inferior frontal gyrus (pars orbitalis), lingual gyrus, middle 
occipital, superior frontal, supplementary motor area, rolandic operculum, putamen, and 
presubiculum. A full list of peak coordinates is included in Table 4. 
Target condition. For correctly identified target pairs (see Figure 11), significantly 
active clusters were found bilaterally in inferior frontal (operculum), precentral, rolandic 
operculum, superior parietal, and supramarginal gyri. Right-localized clusters included middle 
frontal gyrus and postcentral gyrus. Left-localized clusters included inferior frontal gyrus (pars 
triangularis), inferior occipital, superior frontal, superior occipital, and supplementary motor 
area. A full list of peak coordinates is included in Table 5. 
Mispaired condition. For correctly identified mispaired pairs (see Figure 12), bilateral 
activations included middle occipital, postcentral, and precentral gyri. Right-localized clusters 
included fusiform and inferior occipital gyri. Left-localized clusters included inferior frontal 
(pars triangularis), inferior temporal, inferior parietal, insula, precuneus, superior frontal, 
superior occipital, superior parietal, and supplementary motor area. A full list of peak 
coordinates is included in Table 6. 
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Novel condition. For correctly identified novel pairs (see Figure 13), bilateral activations 
included inferior frontal (operculum), middle frontal, middle occipital, postcentral, precentral, 
superior frontal, and supramarginal gyrus. Right-localized clusters included fusiform and 
superior parietal. Left-localized clusters included inferior frontal (pars triangularis), rolandic 
operculum, and supplementary motor area. A full list of peak coordinates is included in Table 7. 
Discussion 
This project is the first to examine concurrent cortical and hippocampal subfield activity 
during an associative memory task, with the primary aim of furthering our understanding of 
neural activity underlying successful encoding and retrieval of discrimination, generalization, 
and match detection- mnemonic processes traditionally examined only within the hippocampus. 
This study expands upon the paradigm used in De Shetler & Rissman (2017), an associative 
memory paradigm that manipulated name-image pairs to evoke discrimination, generalization, 
and match detection processes. In that study, CA1 demonstrated generalization and match 
detection responses (i.e., similar activity to lures and targets, which differed from novel and 
mispaired items), whereas CA3/DG demonstrated discrimination responses (i.e., similar activity 
to lures and novel items, which differed from target and mispaired items). Critically, this study 
only examined retrieval activity and was limited to the hippocampus. My study extends this 
work by utilizing a novel fMRI sequence that combines whole-brain field of view with 1mm 
spatial resolution, enabling separation of the CA3 and DG subfields, as well as examination of 
cortical activity. Finally, both encoding and retrieval phases were scanned. 
Contrary to my hypotheses and the results from De Shetler & Rissman (2017), I did not 
observe differences in hippocampal subfield activity across the four probe conditions in CA1, 
CA3, or DG. Further, hippocampal activity during encoding did not relate to retrieval accuracy. 
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On the other hand, whole-brain retrieval activity revealed diffuse cortical activations and was 
characterized by both a high degree of overlap across the four probe conditions as well as 
activity specific to discrimination and match detection processes. 
Hippocampal subfields 
 Although differences in hippocampal subfield activity in response to discrimination, 
generalization, and match detection are robust in the literature (De Shetler & Rissman, 2017; 
Yassa et al., 2010; Bakker, Kirwan, Miller, & Stark, 2010; Lacy et al., 2011), the current study 
found no evidence that CA1, CA3, or DG activity differed as a function of probe condition. 
There was a main effect of condition in the left hemisphere analysis when removing one outlier, 
such that the subfields on average had higher activity in the lure condition than in the novel 
condition; however, this finding was unstable when using a different threshold for outliers, and it 
does not indicate an interaction between condition and ROI. 
Several methodological differences between my study and De Shetler & Rissman (2017) 
exist which may explain this discrepancy. First, I did not include an active baseline in the study 
design; this poses a potential issue as inactive baseline trials (such as a fixation cross) can be 
related to increased hippocampal activity (Stark & Squire, 2001), thereby obscuring task-related 
hippocampal activity when contrasting the task with the inactive baseline. Secondly, how the 
subfield-level analysis was implemented differed in a critical way. Many prior studies examining 
discrimination and match detection have limited the analysis by identifying a top percentage of 
active or “task-relevant” voxels within each subfield (De Shetler & Rissman, 2017; Yassa et al., 
2010; Bakker, Kirwan, Miller, & Stark, 2010; Lacy et al., 2011). This approach greatly reduces 
noise and improves the ability to detect differences in subfield-level activity, rather than 
averaging across all voxels within a subfield if many may not be active in response to the task. 
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To note, not all studies of hippocampal functioning have adopted this approach (Zeineh, Engel, 
Thompson, & Bookheimer, 2003; Tompary et al., 2015), which may raise concerns about 
consistency in analytic practices involving hippocampal subfield-level research. 
 Furthermore, I did not detect any relationships between hippocampal subfield function at 
encoding and performance during retrieval. Correlations between the BOLD response and 
behavioral performance require high power, and our sample of 19 subjects may have been 
underpowered to detect such relationships. It may also be possible that, as at retrieval, only a 
small portion of voxels within the hippocampal subfields are task-relevant, and therefore 
analyses should be limited to only task-relevant voxels. 
Whole-brain activations 
 Despite null findings within the chosen hippocampal ROIs, the whole-brain analyses 
revealed numerous regions that supported successful associate retrieval during each of the probe 
conditions. Notably, the subiculum, part of the hippocampal formation, was significantly active 
during successful identification of lure pairs only, indicating an association between subiculum 
activity and mnemonic discrimination. This is consistent with a prior finding of differential 
subiculum activity for target hits as compared to lure correct rejections (i.e., discrimination; 
Kirwan & Stark, 2007). Correct responses to lures were also uniquely characterized by activity in 
inferior frontal gyrus pars orbitalis, the anterior portion of ventrolateral prefrontal cortex. 
Activity in this region has been linked to controlled retrieval (rather than selection) of conceptual 
representations (Badre & Wagner, 2007). This may reflect retrieval of the conceptual similarity 
between the studied image and the similar lure presented at retrieval, as the participant is tasked 
with distinguishing between a judgment of same, similar, or new. Correctly identifying the image 
as similar rather than new likely requires retrieval of the conceptual representation of the image. 
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This is contrasted with lure-related activity in the pars triangularis region of the inferior frontal 
gyrus, which has been associated with a post-retrieval selection between representations for both 
conceptual and perceptually related retrieval (Badre & Wagner, 2007). Although activity in the 
pars triangularis region was not specific to successful lure trials, this combination of lateral 
prefrontal activity may uniquely aid in correctly identifying a lure item as similar rather than old 
or new. 
 Conversely, correctly identifying mispaired hits was uniquely associated with activity in 
posterior precuneus and insula, both of which have been associated with successful retrieval 
(Spaniol et al., 2009). Further, the precuneus is a member of the PM system, which is involved in 
creating or retrieving representations of relationships between items and other contexts 
(Ranganath & Ritchey, 2012), which is particularly salient for correctly identifying that two 
previously seen items were not shown together. Posterior precuneus particularly is involved in 
activating an imagined context and mental imagery (Lundstrom et al., 2003) and increases in 
activity with the amount of information retrieved to make a correct source judgement 
(Lundstrom, Ingvar, & Magnus, 2005). To successfully identify a name and image as mispaired, 
participants may rely on reactivating their previous mental image of the person and object 
interacting, per the encoding instructions. 
 Interestingly, both mispaired and novel conditions were associated with activity in 
fusiform gyrus, but not target or lure conditions. Fusiform activity has been most associated with 
successful associative memory encoding rather than retrieval (Kim, 2011; Sperling et al., 2003). 
In this study, mispaired and novel conditions were, in terms of associative pairings, the most 
novel of the conditions (e.g., the mispaired name and image were a novel pairing, and the studied 
name with new image was a novel pairing; conversely, the target name and image was a repeated 
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pairing, and the studied name with lure image was a conceptually repeated pairing but 
perceptually novel image). This activity may then reflect the novelty of these pairs, and 
engagement in encoding a new associative pair. De Shetler and Rissman (2017) concluded that 
similar activity in the CA1 subfield during mispaired and novel conditions supported successful 
match detection. Although the current study did not directly compare the level of activity in 
fusiform gyrus, it is possible that this region similarly supports match detection. 
 Regions common across the probe conditions reflect processing in parietal and frontal 
regions which have previously been linked to successful retrieval. Clusters in inferior parietal 
cortex were significantly active in mispaired and lure conditions, and significant clusters were 
observed in superior parietal cortex across conditions. These regions have previously been 
associated with attentional processes related to successful retrieval (Spaniol et al., 2009) and 
successful recollection in particular (Wagner, Shannon, Kahn, & Buckner, 2005; Cabeza, 
Ciaramelli, Olson, & Moscovitch, 2008). Common activity was also observed across lateral 
prefrontal cortex, a region critically implicated in successful episodic memory retrieval (see 
Giovanello & Dew, 2015 for a review; Spaniol et al., 2009). Specifically, the pars triangularis 
region, associated with a post-retrieval selection between representations for both conceptual and 
perceptually related retrieval (Badre & Wagner, 2007), was significantly active in all conditions, 
and the pars opercularis region was significantly active in target, lure, and novel conditions. 
Superior frontal gyrus was also significantly active across conditions, and middle frontal gyrus 
was associated with target, novel, and lure conditions. 
 These analyses were conducted using loose contrasts (i.e., task activity greater than 
baseline) rather than explicitly contrasting activity between conditions, in order to develop a 
general understanding of whole-brain activity relating to each condition. This prohibits direct 
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comparison of the relative level of activity in regions across conditions. Future investigations, 
however, can directly contrast conditions to identify cortical regions that significantly differ 
between conditions. 
Future Directions 
 These results lend themselves to several methodological and conceptual future 
investigations. Because the robust difference in hippocampal subfield function was not replicated 
in this analysis, future analyses of this data will probe hippocampal function in several ways. 
First, it would be useful to perform a small volume correction in the group analysis and limit 
results to the hippocampus. This would elucidate where in the hippocampus significant activity is 
observed during each probe condition and contrasting between probe conditions. Another way to 
probe this question is to limit the scope of the analysis to task-relevant voxels within anatomical 
ROIs, as done in previous studies of hippocampal subfield function (De Shetler & Rissman, 
2017; Yassa et al., 2010; Bakker, Kirwan, Miller, & Stark, 2010; Lacy et al., 2011). 
Due to the temporal proximity of the cue and probe, distinction of the hemodynamic 
response between them is difficult. To address this potential issue, I modeled the cue and probe 
together as a single event, with the rationale that activity related to the cue would be similar 
across conditions because the participant did not know what condition was coming during 
reading of the cue (i.e., conditions would be affected equally by including the cue). Additionally, 
participants were instructed to read the name and begin thinking of the image it was previously 
paired with, which is a retrieval process and consistent with the aim of the analysis. However, 
future analyses may benefit from employing a finite impulse response (FIR) filter to model the 
hemodynamic response, which, unlike traditional models, does not impose a specific shape to the 
response allowing different estimation for each event type (Goutte, Nielsen, & Hansen, 2000). 
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This would yield an average time course based on the impulse response for each trial, which 
could be used to apply a mask for regions with significant increases in activity during the probe 
as compared to the cue, thereby limiting the results to areas showing specific activation to the 
decision of probe (e.g., discrimination) rather than reading of the cue. This would, however, 
reduce the power of the analysis. 
 Although this study was focused on correct retrieval judgements, in future analyses I will 
examine activity related to incorrect retrieval judgements. Behavioral performance in the lure 
condition provides enough trials to examine differences between correctly identifying a lure pair 
as similar to incorrectly identifying a lure pair as the same. This contrast may provide further 
clarity in how brain regions support successful mnemonic discrimination. Additionally, the lure 
items were chosen from a range of similarities, such that some items were highly similar and 
others had low similarity. Previous studies examined changes in hippocampal activity as a 
function of similarity, showing a dichotomy in CA1 and CA3/DG responses (Lacy et al., 2011). 
If incorrect trials were included, a similar analysis could be done in the current dataset, which 
would extend the analysis to separating CA3 from DG and include cortical regions. 
 Finally, I plan to examine connectivity between hippocampal subfields and cortical 
regions during encoding and retrieval of this task. Connectivity analyses are critical in furthering 
our understanding of theorized memory networks. Regions of the PMAT system (see Figure 2) 
are involved in object and contextual processing (Ranganath & Ritchey, 2012) and are relevant 
for associative memory tasks. Further, these regions have known anatomical connections that can 
be used to hypothesize direction of communication between them, both in terms of cortical 
regions and subfield to cortical connections. This dataset provides a unique opportunity to 
combine what is known at the hippocampal-subfield level and at the hippocampus-cortex level. 
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One possible avenue is to use a data-driven connectivity method: group iterative multiple model 
estimation (GIMME; Gates, Lane, Varangis, Giovanello, & Guiskewicz, 2017). This approach 
would enable investigation of directionality of connections as well as comparison between 
encoding and retrieval network configurations. A second way to examine hippocampal subfield-
cortical connectivity is to employ a seed-based analysis, thereby identifying all regions whose 
activity correlates with the hippocampal subfields. This approach can be used for each of the four 
probe conditions to contrast connectivity related to discrimination, generalization, and match 
detection. 
Conclusion 
In conclusion, this study presents a comprehensive examination of concurrent 
hippocampal subfield and cortical activity during an associative memory task, along with the 
first whole-brain investigation of discrimination, generalization, and match detection processes. 
Although I did not replicate findings showing differential hippocampal subfield functioning 
during various retrieval states, I found that diffuse regions throughout cortex support these 
processes in healthy young adults. Although many cortical regions were common across 
conditions, lure and mispaired trials specifically were characterized by unique whole-brain 
contributions that may support discrimination (e.g., subiculum, inferior frontal gyrus) and match 
detection (e.g., precuneus, insula). Future analyses will further probe these data to refine our 
understanding of associative memory processes and interaction between hippocampal subfields 
and cortical regions.  
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Figure 1. Medial temporal lobe structures and anatomical connections. Figure adapted from 
Liang and Preston (2015). 
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Figure 2. Panel (a) shows a depiction of the PMAT systems from Ranganath and Ritchey (2012). 
PM system is colored in blue, and the AT system is colored in red. Panel (b) indicates how the 
systems are thought to converge in the hippocampal formation.  
 
 








Figure 3. High-resolution structural scan of the hippocampal subfields and surrounding cortices 
(A); figure taken from Liang and Preston (2015). Model of a segmented hippocampus, showing 
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Figure 4. Schematic of the Mnemonic Similarity Task. Participants respond whether each item is 
an indoor or outdoor item. Pictures are in one of three conditions: repeated (rubber duck), lures 
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Figure 5. Paradigm used in De Shetler and Rissman (2017). Participants learned name and 
picture pairs. During a scanned retrieval phase, participants were presented with images that 
were either the same as the studied image (target), similar to the studied image (lure), a studied 
image that was paired with a different name (mispaired), or an unstudied image (novel). Figure 
from De Shetler and Rissman (2017).  
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Figure 6. Associative memory task design. Participants completed a total of six encoding-
retrieval blocks. During each encoding phase, participants saw 42 name-object pairs and rated 
the vividness of their mental image of each pair. Retrieval immediately followed encoding and 
consisted of 36 probes. Participants first saw a name from the encoding phase and were told to 
think of the object it was paired with. An image then appeared in one of four conditions: target, 
lure, mispaired, or novel. At this time, participants responded whether the image was the same, 
similar, or different, or if they did not remember. 
 
 




Figure 7. Retrieval accuracy across conditions by run (A) and averaged across runs (B). Errors 
bars represent standard error of the mean. 
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Figure 8. Percent signal change of each hippocampal ROI separated by probe condition and 
hemisphere (A: right hemisphere, B: left hemisphere). Boxplot denotes the median (bold bar), 
first and third quartiles (box limits), and +/- 1.5 times the inter-quartile range (whiskers). Outliers 




   
40 
 
Figure 9. Correlations between encoding percent signal change and retrieval accuracy (percent 
correct of possible trials) in each probe condition.  
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Figure 10. Significantly active clusters in successfully identified lure condition greater than 
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Figure 12. Significantly active clusters in successfully identified mispaired condition greater 
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Retrieval accuracy of behavioral pilot participants 
 Percent Accuracy Correct Response Frequency 
Overall 76.08 N/A 
Target 87.96 63.33 
Lure 56.94 41.00 
Mispaired 83.33 30.00 
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Table 2 
Encoding behavioral responses: averages reported with standard deviation in parentheses 
 Number of responses Percent of answered trials 
Strong 98.00 (55.62) 47.93% (20.68) 
Moderate 51.32 (37.73) 24.45% (15.43) 
Weak 37.21 (24.74) 18.63% (10.74) 
No Image Formed 17.58 (25.47)   8.99% (14.10) 
No Response 47.84 (55.77) - 
 
 




Correlations between encoding activity and retrieval accuracy across probe conditions 
Region Lure Target Mispaired Novel 
 r p r p r p r p 
Left         
CA1 -0.26 .275 -0.003 .990 -0.02 .929 0.21 .386 
CA3 -0.41 .081 -0.14 .571 -0.27 .265 -0.12 .613 
DG -0.17 .492 0.11 .659 -0.03 .891 -0.17 .475 
Right         
CA1 -0.19 .431 0.15 .549 -0.04 .859 0.05 .835 
CA3 0.11 .645 0.06 .802 0.43 .067 0.20 .613 








Regions of significant activity during successful retrieval of lure pairs, including AAL atlas-
defined location and x, y, z coordinates in MNI space 
Location Hemisphere x y z Z-max Voxels 
Cerebellum R 10 -75 -21 3.5 29 
Inferior frontal operculum R 60 12 28 3.57 101 
Inferior frontal orbital L -47 41 -5 3.97 50 
Inferior frontal triangularis R 52 36 20 3.55 47 
 R 45 34 17 3.55 43 
 L -45 33 13 3.88 260 
 L -55 24 28 3.4 30 
Inferior occipital R 38 -91 -8 5.4 45368 
Inferior parietal R 44 -43 52 3.52 39 
Inferior temporal R 42 -48 -13 3.81 69 
 R 60 -66 -6 3.69 48 
Lingual L -24 -50 -11 3.47 26 
Middle frontal gryus R 30 -3 57 2.97 31 
 R 42 31 22 4.18 105 
Middle occipital L -46 -84 25 3.71 26 
Postcentral R 44 -24 41 3.53 86 
 R 55 -20 54 3.48 35 
Precentral L -49 1 38 4.35 1096 
 L -52 7 18 3.44 61 
 L -41 2 63 3.4 43 
 L -54 3 24 3.08 30 
 R 38 -9 68 3.9 160 
 R 28 -10 50 3.59 48 
Putamen L -34 -6 2 3.01 39 
Rolandic operculum L -47 -1 10 3.84 193 
Subiculum L -22 -32 -6 3.72 31 
Superior frontal L -25 0 55 3.17 40 
Superior parietal L -33 -47 71 3.6 35 
 L -17 -75 53 3.39 33 
 R 16 -67 63 3.36 72 
Supplementary motor area L -2 12 55 4.15 200 








Regions of significant activity during successful retrieval of target pairs, including AAL atlas-
defined location and x, y, z coordinates in MNI space 
Location Hemisphere x y z Z-max Voxels 
Cerebellum L -6 -73 -19 3.83 46 
 R 7 -80 -21 3.44 64 
 R 16 -57 -20 3.81 51 
Inferior frontal triangularis L -44 33 14 3.91 292 
Inferior frontal operculum L -61 11 17 3.4 48 
 R 58 15 30 3.88 198 
Inferior occipital L -43 -90 -10 5.64 49914 
Middle frontal R 43 -2 55 3.58 60 
Postcentral R 33 -48 72 3.84 440 
 R 55 -20 53 3.94 86 
 R 32 -35 41 3.76 55 
Precentral L -51 8 37 4.59 1315 
 L -36 -6 54 3.95 76 
 R 34 -13 67 4.24 703 
 R 57 6 40 3.53 46 
 R 59 6 23 3.29 41 
Rolandic operculum L -40 -5 17 4.36 232 
 R 44 2 13 3.7 48 
Superior frontal L -25 -1 61 4.12 82 
Superior occipital L -26 -83 46 3.6 41 
Superior parietal L -25 -48 61 3.61 41 
 R 23 -69 64 4.3 212 
 R 27 -68 56 3.73 52 
 R 15 -75 60 3.22 46 
 R 21 -65 68 3.66 41 
Supplementary motor area L -1 8 54 4.45 260 
 L -4 -9 56 3.88 130 
Supramarginal L -53 -24 20 3.72 69 
 R 59 -20 31 4.27 103 
 R 65 -18 36 3.55 63 








Regions of significant activity during successful retrieval of mispaired pairs, including AAL 
atlas-defined location and x, y, z coordinates in MNI space 
Location Hemisphere x y z Z-max Voxels 
Cerebellum L -35 -53 -23 3.69 109 
 L -29 -45 -22 3.57 45 
 R 33 -40 -26 3.78 60 
 R 8 -78 -20 3.27 59 
Fusiform R 37 -47 -19 3.57 74 
 R 31 -56 -6 3.63 67 
 R 23 -70 -12 3.59 38 
Inferior frontal triangularis L -37 17 28 4.52 70 
Inferior occipital R 46 -86 -7 5.13 23593 
Inferior parietal L -46 -44 56 3.93 134 
Inferior temporal L -45 -57 -8 3.52 93 
 L -44 -47 -11 3.74 67 
Insula L -38 -8 16 3.63 46 
Middle occipital R 30 -70 40 3.17 50 
Middle occipital L -29 -89 27 3.52 77 
Postcentral L -33 -29 72 4.45 4577 
 R 47 -22 42 3.28 85 
Precentral L -57 10 39 3.93 411 
 L -52 6 51 3.65 156 
 L -27 -1 59 3.5 63 
 R 39 -8 68 3.48 52 
Precuneus L -12 -71 64 3.89 213 
Superior frontal L -26 -2 73 3.61 54 
Superior occipital L -26 -69 34 4.22 1707 
 L -26 -83 46 3.82 46 
Superior parietal L -33 -54 68 3.5 61 
 L -24 -73 56 3.51 49 
Supplementary motor area L -2 12 53 3.87 198 









Regions of significant activity during successful retrieval of novel pairs, including AAL atlas-
defined location and x, y, z coordinates in MNI space 
Location Hemisphere x y z Z-max Voxels 
Cerebellum L -29 -44 -23 3.93 47 
 L -11 -78 -19 3.14 42 
 R 30 -39 -24 3.64 75 
 R 10 -78 -19 3.61 70 
Frontal inferior operculum L -43 5 26 3.82 68 
 R 58 15 30 3.97 56 
Frontal inferior triangularis L -37 17 28 3.91 138 
 L -44 32 14 3.68 37 
Fusiform R 28 -48 -10 3.77 45 
Middle frontal L -26 0 56 4.01 46 
 R 42 0 59 3.43 51 
Middle occipital L -39 -94 -3 5.22 16230 
 R 35 -92 9 4.96 15007 
 R 33 -72 20 3.52 46 
Postcentral L -33 -29 72 4.71 9754 
 R 46 -29 48 4.06 222 
Precentral L -47 8 31 3.99 829 
 L -48 3 21 3.15 87 
 L -37 2 30 3.31 37 
 R 29 -6 58 3.43 68 
Rolandic operculum L -49 -1 5 3.69 214 
Superior frontal L -25 -2 47 3.47 60 
 R 30 -3 65 3.97 400 
Superior parietal R 36 -49 67 3.57 114 
 R 30 -54 57 3.35 50 
Supplementary motor area L -2 12 55 4.66 164 
 L -4 -8 56 3.97 62 
Supramarginal L -53 -24 20 3.29 40 
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